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Simple Summary: Metabolism is the process by which living organisms and cells generate energy to
sustain life. At the organismal level, metabolic homeostasis is a tightly controlled balance between
energy consumption and energy expenditure. Many studies have shown that disruption of this
homeostasis leads to an inflammatory phenotype within adipose tissue. The aim of this review is to
provide an overview of the dynamic metabolic interplay within adipose tissue and its implications
for cancer progression and metastasis.

Abstract: Disruption of metabolic homeostasis at the organismal level can cause metabolic syndrome
associated with obesity. The role of adipose tissue in cancer has been investigated over the last
several decades with many studies implicating obesity as a risk factor for the development of
cancer. Adipose tissue contains a diverse array of immune cell populations that promote metabolic
homeostasis through a tightly controlled balance of pro- and anti-inflammatory signals. During
obesity, pro-inflammatory cell types infiltrate and expand within the adipose tissue, exacerbating
metabolic dysfunction. Some studies have now shown that the intracellular metabolism of immune
cells is also deregulated by the lipid-rich environment in obesity. What is not fully understood,
is how this may influence cancer progression, metastasis, and anti-tumor immunity. This review
seeks to highlight our current understanding of the effect of adipose tissue on immune cell function
and discuss how recent results offer new insight into the role that adipose tissue plays in cancer
progression and anti-tumor immunity.
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1. Introduction

Recently, metabolism, both at the organismal and cellular levels, has been found to
play a pivotal role in many disease states such as obesity and cancer. Adipose tissue is a
critical regulator of organismal metabolism and deregulation of adipose tissue homeostasis
can lead to metabolic dysfunction culminating in obesity [1]. Co-morbidities associated
with obesity such as type 2 diabetes, heart disease, and cancer, put a large burden on health
care systems and drastically reduce the quality and length of life [2]. Several cancers (i.e.,
breast, ovarian, colon, pancreatic) either develop in or metastasize to adipose-rich tissues.
A better understanding of how adipose tissue may regulate the metabolism of immune
cells during cancer progression has the potential to greatly impact cancer therapy.

In this review, we seek to provide an overview of the current understanding of how
adipose tissue influences the metabolism and function of immune cells with a primary
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focus on visceral deposits of white adipose tissue. Most of the current studies investigating
the relationship between adipose tissue and immune cells are centered on the study of
the obese versus lean state. This review seeks to summarize these findings and to discuss
how these studies provide insight into the role of adipose-immune crosstalk in cancer
progression, metastasis, and anti-tumor immunity.

2. Adipose Tissue in Cancer

Adipose tissue can be broadly grouped into three main types—white, brown, and
beige, which have different anatomic distributions and homeostatic functions [3]. White
adipose tissue (WAT) is the primary site for energy storage and because of its additional role
as an endocrine organ, WAT has been implicated as the main player in the development of
obesity and metabolic disorders. WAT can be further sub-divided into either subcutaneous
(SAT) or visceral (VAT) adipose tissue. In humans, SAT is thought to serve as a barrier
to mechanical injury while VAT protects visceral organs and is the main storage site for
triglycerides. Vertebrates utilize a specialized cell type called an adipocyte to store energy
in the form of triglycerides that are hydrolyzed to glycerol and fatty acids that can then be
transported throughout the body.

Adipocytes produce hormones, known as adipokines, which have significant au-
tocrine, paracrine, and endocrine implications especially in the context of cancer. Adipokines,
such as leptin, adiponectin, visfatin, and omentin, play important roles in the modulation
of energy expenditure, but also possess crucial immunomodulatory abilities [4]. Leptin
is the main negative regulator of food intake. Disruption of the leptin signaling axis in
animal models leads to obesity and leptin resistance is a hallmark of metabolic disorder
in humans [5,6]. Leptin was also found to be a potent stimulator of immune function
by inducing proliferation of human T cells and reversing starvation induced immuno-
suppression [7]. Adiponectin also plays significant roles in metabolic homeostasis and
has important anti-inflammatory properties [8-10]. The decrease of adiponectin, which is
commonly associated with obesity, results in increased secretion of pro-inflammatory cy-
tokines including TNF-« [11]. In most obesity-associated cancer types, adiponectin inhibits
tumor growth in vitro and is associated with improved survival [11]. Due to their ability to
modulate both cancer signaling and immune function, adipokines and their receptors have
the potential to be important therapeutic targets in cancer.

2.1. Obesity and Cancer Risk

With the increasing incidence of obesity in the United States and globally, there has
been growing epidemiological evidence identifying obesity as a risk factor for cancer
development, negative prognosis, and resistance to delivery of systemic therapies [12,13].
Reanalysis of the most extensive meta-analysis to date, looking at 221 datasets between
1966 to 2007, reported strong associations between increases in BMI and cancer risk [14,15].
Endometrial cancer was found to have the highest association with obesity (Figure 1).
Gallbladder, ovarian, and colon cancers also had strong associations with obesity while
breast and gastric cancers were found to be non-significant (Figure 1). Overall, it is clear
that there is a cohort of cancer types that is highly associated with obesity. Therefore,
elucidating the role that adipose tissue plays in cancer progression will be critical to the
development of effective cancer therapies.
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Figure 1. Associations between BMI increase and cancer risk. Relative risk (RR) association as defined
by random effects is shown with 95% confidence interval (CI). Red, p < 0.001; Blue, 0.001 < p < 0.05;
Green, p > 0.050. Adapted from Table 4 of [15].

2.2. The Role of Visceral Adipose Tissue in Cancer

As the primary organ involved in obesity, the role of adipose tissue in cancer growth
and metastasis has garnered increased interest over the last decade [13,16]. The omentum
isa 20 x 20 x 3 cm pad of VAT, which is a common site of metastasis in many peritoneally
disseminating cancers including ovarian, gastric, colon, and pancreatic cancers. In the
non-disease state, this organ is primarily composed of adipocytes covered by a single layer
of mesothelial cells with fibroblasts below a basement membrane. Following metastasis,
the omentum transforms into a solid tumor with fibroblast-rich stroma, largely devoid
of adipocytes. The omentum is known to play an active role in immunity [17,18] first
recognized in the 1800s, by expanding leukocyte centers (milky spots) and by physically
covering foreign agents during infection [19]. Omental metastasis is mainly attributed
to released chemoattractants and lipid-rich stores found within adipocytes that serve as
a source of energy for metastatic tumor cells [20,21]. However, a recent study identified
creatine synthesis within adipocytes as a central mediator of obesity-induced cancer growth
in a syngeneic mouse model of breast cancer [22]. Therapies targeting lipid transport, lipid
utilization, or creatine biosynthesis may prove to be beneficial for cancer patients, especially
patients whose cancer is associated with obesity.

3. Adaptive Immune Cell Metabolism and Adipose Tissue

Although adipose tissue is primarily composed of adipocytes, a diverse repertoire
of stromal cells also takes up residence in WAT. These cells are collectively referred to as
the stromal vascular fraction (SVF), which includes the preadipocytes, mesothelial cells,
endothelial cells, fibroblasts, stem cells, and immune cells (Figure 2). Immune cells have
been known to infiltrate WAT for a long time, but the initial link between adipose tissue and
inflammation was first discovered by Hotamisligil et al. in 1993 when the group identified
increased TNF-« levels in adipose tissue of obese mice [23]. Disruption of the homeostatic
balance between pro- and anti-inflammatory cellular mediators in adipose tissue is a basis
for the development of metabolic disorders and may have important implications for
cancer metastasis.
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Figure 2. Snapshot of omental microenvironment during lean vs. obese conditions. WAT plays a
crucial role in energy homeostasis. White adipocytes act as the primary site for storage of triglycerides,
which then serve as an energy reservoir during conditions of high energy consumption or fasting.
Healthy adipose tissue is enriched in regulatory T cells (Treg), M2 macrophages, invariant natural
killer T (iNKT) cells, y5 T cells, type 2 innate lymphoid cells (ILC2s), eosinophils, and regulatory B
cells (Breg). These immune cells secrete various anti-inflammatory cytokines such as IL-10, IL-33, and
IL-4 that help to bring inflammation under control. Under obese conditions, WAT becomes severely
dysfunctional. Hypertrophic adipocytes and adipose tissue fibrosis are characteristic features of
dysfunctional WAT. Further, obesity induces local inflammation with M1 macrophages playing
a leading role via secretion of pro-inflammatory cytokines including TNF-« and IL-6. The pro-
inflammatory milieu perturbs the immune cell composition with an increased presence of CD8 T
cells, type 1 T helper (Th1) cells, and neutrophils. Accumulating M1 macrophages secretes VEGE,
resulting in aberrant vascularization in the WAT. Failure to restore normal WAT homeostasis leads to
systemic low-grade inflammation and metabolic syndromes.

Adaptive immunity has been shown to play an indispensable role in organismal im-
munometabolism. Here, we seek to highlight key studies that contribute to our understand-
ing of the role of adaptive immune cells in organismal and cellular immunometabolism
along with their role in anti-tumor immunity.

3.1. CD4 T Helper Cells

CD4 T helper cells are a heterogeneous group of cells that play a critical role in the
adaptive immune response by recruiting and activating other immune cells. Based on
their function, transcription factor expression, and the cytokines they produce, CD4 T
helper cells can be sub-divided into three major lineages: Th1, Th2, and Th17 cells. While
the majority of immunotherapies have focused on harnessing CD8 T cells, recent studies
have illuminated the important role of CD4 T cells in anti-tumor immunity [24]. Pro-
inflammatory cytokine production in obese adipose tissue has historically been attributed
to the innate immune system, specifically macrophages [25], which will be discussed later
on. However, many studies have now demonstrated that the adaptive immune response
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also plays a role in stimulating adipose tissue inflammation. Thl cells are a member
of the adaptive immune system that promotes inflammation in adipose tissue through
the secretion of IFNy and the activation of macrophages [26]. Th1 cells were found to
infiltrate adipose tissue prior to the arrival of macrophages in a mouse model of obesity [27].
Mice lacking conventional T cells were partially protected against obesity-induced insulin
resistance and had reduced macrophage infiltration in their adipose tissue [28]. These
findings highlight the significant role of Thl cells in modulating the pro-inflammatory
response in adipose tissue during obesity.

Compared to other immune cell types, there have been relatively few studies that
have investigated the role of Th2 cells in adipose tissue inflammation. Th2 cells are
considered an anti-inflammatory cell type that secretes IL-4, IL-5, IL-10, and IL-13, which
counterbalances the Thl immune response [29]. One of the functions of Th2 cells is to
induce the differentiation of macrophages into an anti-inflammatory subtype (M2) that
secretes IL-10 [30]. Winer et al. found that nearly three times more Th1 cells accumulated
in the VAT of mice fed a high-fat diet compared to those fed a normal diet, whereas anti-
inflammatory Th2 and Tieg cells did not change in abundance [31]. These findings were
confirmed in human samples where T cell profiling in VAT from obese patients revealed
that the Th2 frequency and IL-10 expression in VAT inversely correlated with insulin
resistance [32]. Taken together, these studies demonstrate that Th2 cytokines in adipose
tissue are protective against metabolic dysfunction.

IL-17 is a pro-inflammatory cytokine that acts on a variety of stromal cells to stimulate
the production of diverse pro-inflammatory cytokines during an immune response [33].
Th17 cells are a subset of CD4 effector T cells that are so named due to their production of
IL-17A. Plasma levels of IL-17 are higher in obese patients [34] and Th17 cells have been
reported to be increased 3- to 10-fold in the SAT from obese patients with insulin resistance
compared to lean patients [35]. However, IL-17 expression is not limited to Th17 cells.
CD8 T cells, v T cells, NK cells, and neutrophils are also sources of IL-17 [33] and studies
in obese mice have indicated that the y5 T cells are a primary source of IL-17 in adipose
tissue [36,37].

Y6 T cells are an innate T cell type that does not recognize antigen in the context of
MHC. Given the ability of adipose tissue-resident y5 T cells to produce large amounts of
IL-17, we will include them here along with the discussion of Th17 cells. High levels of
Th17 and v6 T cells correlate with increased obesity in mice and humans, which would
suggest that [L-17 plays a pro-inflammatory role in obesity. However, evidence from mouse
models and in vitro experiments indicates that IL-17’s role in obesity is more complicated.
Mice deficient in IL-17 [36] or the receptor for IL-17 (IL-17RA) [38] that were fed a high-fat
diet had significantly greater weight gain but were protected from dysregulation of glucose
metabolism [36]. Correspondingly, mice deficient in vy T cells that were fed a high-fat diet
had significant reductions in inflammation and insulin resistance, while having no effect
on obesity [39].

IL-17 displays disparate biological effects on anti-tumor immunity. The presence of
intertumoral v T cells is the most significant predictor of favorable cancer outcome in a
pan-cancer analysis as compared to all other leukocyte populations [40]. Many studies
show that Th17 cells can be either pro-tumorigenic or anti-tumorigenic, indicating that
the role of IL-17 in anti-tumor immunity is highly context and cancer-type dependent [41].
Notably in ovarian cancer, which primarily metastasizes to the omentum, Th17 cell presence
significantly correlated with better prognosis [42]. Alternatively, in a study using a mouse
model of spontaneous breast cancer metastasis, IL-17-expressing y5 T cells promoted
metastasis through an IL-17/neutrophil axis but did not affect primary tumor growth [43].
Therefore, current studies point to the important role of IL-17-producing T cells in the
regulation of glucose homeostasis and during cancer progression. Further research is
needed to elucidate the complex role of IL-17 in specific disease settings.
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3.2. Regulatory T (Tyeq) Cells

One of the best-studied adaptive immune cell types in adipose tissue is a unique
subset of CD4, Foxp3-positive regulatory T (Treg) cells. Treg cells play a critical role in the
maintenance of immune homeostasis by suppressing auto-immune T cell reactions in the
periphery. In cancer, Treg cell suppression of anti-tumor immunity is a major barrier to
productive anti-tumor immune responses and response to immunotherapy [44]. VAT Treg
cells have been shown to be central players in maintaining adipose tissue homeostasis
through their anti-inflammatory properties [45]. Treg cells in VAT from lean mice are
enriched compared to lymphoid organs and are significantly reduced with diet-induced
obesity. Interestingly, VAT Tyeg cells have a unique transcriptomic profile distinct from Tyeg
cells residing in lymphoid tissue with increased transcript levels for genes involved in lipid
metabolism (CD36, DGAT1, LDLR) [45]. The accumulation and phenotype of Treg cells in
VAT of lean mice is driven by the expression of peroxisome proliferator-activated receptor
v (PPARY) [46]. PPARs («, 3, d, v) are nuclear receptors that are activated by lipid-derived
substrates and are the central mediators of energy homeostasis. PPARy regulates many
metabolic processes through activation of transcription including fatty acid uptake, glucose
uptake, and lipogenesis in adipose tissue [47]. In response to a PPARy agonist, naive CD4
T cells drastically upregulated many genes involved in lipid metabolism [46].

In cancer, an increased prevalence of circulating and intra-tumoral Tyeg cells has been
observed [48,49]. In addition, the high frequency of Foxp3-positive Treg cells has been
shown to be associated with an adverse outcome in multiple cancer types [50-52]. Similar to
VAT Tieg cells, tumor-derived Treg cells also upregulate lipid metabolism and CD36 through
a PPARf3-dependent mechanism [53]. CD36 expression sustained survival of intertumoral
Treg cells by promoting mitochondrial fitness. Genetic deletion of CD36 in Treg cells
led to decreased Treg cell infiltration into tumors and greater anti-tumor immunity [53].
Modulation of Treg cell populations through inhibition of CD36 or activation of lipid
metabolism via PPARY agonists may be viable strategies to limit Treg cell accumulation
within tumors.

3.3. CD8 T Cells

CD8 T cells are a subset of T lymphocytes known for their pro-inflammatory and
cytotoxic abilities. CD8 T cells are the main mediators of the cytotoxic anti-tumor immune
response and their presence within tumors correlates with enhanced survival [54,55] and
improved response to immunotherapy [56,57]. Many studies have shown infiltration of
CD8 T cells in adipose tissue under obese conditions in humans as well as in mice [32,58,59].
IFNY derived from CD8 and Thl1 cells has been shown to induce adipocyte dysfunction,
causing impaired glucose uptake, impaired lipid storage, and reduced adipocyte differenti-
ation [60]. Furthermore, it was demonstrated that genetic depletion of CD8 T cells reduced
macrophage infiltration and adipose tissue inflammation, which suppressed insulin resis-
tance [61]. Expression of perforin and granzymes, which are effector molecules produced
by activated CD8 T cells, are also increased in VAT of high fat diet-fed mice [62]. Therefore,
CDS8 T cells play a mostly pathogenic role in obesity.

Memory T (Tygm) cells are long-lived subsets of CD8 and CD4 T cells that are respon-
sible for immunological memory following an acute immune response. The presence of
central memory and stem-cell memory phenotypes correlates with successful outcomes
from adoptive cell immunotherapy in mice [63] and humans [64]. Studies of intracellular
bioenergetic profiles have revealed the extensive metabolic changes that occur in T cell sub-
sets during differentiation and activation (Figure 3). Tygm cells adopt a metabolic profile
that is distinct from other T cell subsets and is characterized by an increased dependency
on oxidative phosphorylation (OXPHOS) and a decreased reliance on glycolysis [65-67].
Tissue-resident memory (Trym) T cells are Typm cells that persist within tissues. Dissimilar
to their central memory T (Tcvm) cell counterparts, Try cell persistence has been shown to
require molecules that facilitate exogenous uptake, intracellular transport, and mitochon-
drial metabolism of lipids, including FA-binding proteins 4 and 5 (FABP4 and FABPS) [68].
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Han et al. reported that approximately half of effector CD8 and CD4 T cells within the
WAT may be tissue-resident memory T cells, with the remaining cells expressing an effector
memory phenotype. Try cells were enriched within WAT post mucosal infections and
possess an increased proliferative and metabolic capacity as well as an enhanced effector
potential for subsequent infections [69].
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Figure 3. Metabolism as a driver of T cell function. During its life cycle, T cells rely on specific
metabolic pathways to satisfy the energy demand during differentiation and activation. Mature naive
T cells (Ty) that exit from the thymus are more reliant on oxidative phosphorylation (OXPHOS). Upon
encounter with antigen, T cells undergo proliferation and preferentially engage aerobic glycolysis
through the action of mTOR to sustain the requirements of proliferation and effector function. The
antigen-specific activated effector T cell (Tgpr) resulting from clonal expansion is metabolically
distinct as it engages both aerobic glycolysis and OXPHOS pathway. Differentiation of effector T
cells to memory T cells (Tygnm), switches the metabolic phenotype back to OXPHOS driven by fatty
acid oxidation (FAO). However, upon secondary antigen exposure, Typnm cells rely on both OXPHOS
and glycolysis to facilitate recall response. Chronic antigenic stimulation and exposure to inhibitory
ligands can lead to a decline in T cell function, referred to as T cell exhaustion (Tgx), which sees a
marked reduction in both OXPHOS and glycolic activity.

Within tumors, the anti-tumor function of CD8 T cells is frequently compromised
by the acquisition of a dysfunctional phenotype known as T cell exhaustion. T cell ex-
haustion is characterized by inadequate effector function, reduced metabolic potential,
and increased expression of inhibitory receptors driven by distinct epigenetic and genetic
programs [67,70-73]. The exhausted phenotype can be at least partially reversed by block-
ing the inhibitory receptor PD-1 [74]. However, nutrient and oxygen availability within
the tumor microenvironment also play significant roles in modulating T cell exhaustion.
Competition between T cells and cancer cells for glucose within the tumor microenviron-
ment restricts the glycolytic capacity and IFNy production of T cells, allowing for tumor
progression [75]. Hypoxia in combination with chronic antigen stimulation is also a driver
of T cell exhaustion through repression of mitochondrial function [76]. While little is
currently known regarding the role of adipose tissue in T cell exhaustion, fatty acids [77],
oxidized lipids [78], and cholesterol [79] were found to impede T cell effector function and
anti-tumor immunity.



Cancers 2021, 13, 3327

8 of 19

It is not known why CD8 T cells are able to retain their function under high lipid
conditions in obesity but are compromised by lipids within the tumor microenvironment.
However, this may have to do with metabolic reprogramming of the T cells or may be de-
pendent on the differentiation state of the T cells. Identification of the factors that facilitate
lipid-mediated T cell dysfunction will have important implications for the development of
immunotherapies. Notably, activation of fatty-acid oxidation using a PPARo agonist was
shown to reverse T cell exhaustion and synergize with a PD-1 antibody to inhibit melanoma
growth [80]. Taken together, these studies highlight the potential role that adipose tissue
may play in regulating the metabolic state of T cells, which may have implications in the
anti-tumor immune response. The metabolic phenotype of T cells within the omentum
during cancer metastasis remains largely unknown.

3.4. B Cells

B cells are a critical part of the adaptive immune response that mediates the antibody
response to infection and cancer. B cells have been identified within all adipose tissue
depots and studies have shown that B cells contribute to insulin resistance by presenting
antigens to T cells, secreting inflammatory cytokines, and producing pathogenic antibodies
(reviewed in [81]). B cells accumulate within VAT of mice on a high-fat diet at an early
timepoint corresponding with an increase in T cells and macrophages [82]. Mice deficient
in mature B cells that were fed a high-fat diet displayed reduced inflammatory T cells
within VAT and improved insulin sensitivity [82,83]. However, like T cells, many subsets of
B cells exist. Nishimura et al. identified a subpopulation of regulatory B cells within murine
and human WAT that constitutively produce the anti-inflammatory cytokine, IL-10. The
study further showed that B cell-specific deletion of IL-10 results in increased infiltration
of inflammatory macrophages and CD8 T cells into adipose tissue [84]. It is currently
unknown what role adipose tissue-resident B cells play in tumor progression. A detailed
understanding of their impact on cancer development would be critical in improving
anti-tumor immune responses.

4. Innate Immune Cell Metabolism and Adipose Tissue

Healthy adipose tissue contains a large assortment of innate immune cells. The
frequency of these innate cells changes dramatically as the adipose tissue expands during
obesity and leads to increased numbers of both anti- and pro-inflammatory cells within the
tissue. Since innate immune cells are the first responders, this effect can be measured in
the innate immune cell frequencies. This section will describe the role of different innate
immune cells in generating immune responses within adipose tissue and their implications
for cancer metastasis.

4.1. Macrophages

Macrophages make up the largest subset of adipose-infiltrating immune cells and
play an important role in maintaining adipose tissue homeostasis. Macrophages are a
type of phagocytic cell responsible for clearing cellular debris, pathogens, foreign parti-
cles, malignant cells, and other particulates. There are two main phenotypes of activated
macrophages, M1 and M2, that are either pro-inflammatory or promote metabolic home-
ostasis, respectively (Figure 4) [85]. Within adipose tissue, there is a unique population
of resident macrophages known as adipose tissue macrophages (ATMs). ATMs in lean
adipose tissue generally display an M2-phenotype, expressing genes such as arginase 1
and IL-10. Obesity induces a phenotypic switch of macrophages in the adipose tissue
toward a pro-inflammatory M1 state [86]. These activated macrophages then secrete pro-
inflammatory cytokines such as TNF-a and induce inflammatory signaling within the
adipose microenvironment [87].
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Figure 4. Metabolic pathways in macrophage activation. Macrophages are the key players involved
in adipose tissue homeostasis. Under obese conditions, there is an influx of pro-inflammatory
macrophages (M1). M1 macrophages have increased HIF1«x levels that result in increased glycolysis
and engagement of the pentose phosphate pathway (PPP). M1 macrophages have increased iNOS
levels and secrete various pro-inflammatory cytokines like TNF-«. During normal homeostasis,
adipose tissue is enriched with alternatively activated macrophages (M2) that rely mostly on ox-
idative phosphorylation for its energy requirements. Increased PPARy and PGC1-p regulates lipid
metabolism with increased fatty acid oxidation (FAO). mTOR also plays a crucial role in modulat-
ing lipid metabolism and oxidative phosphorylation. M2 macrophages are characterized by Arg-1
expression and anti-inflammatory cytokines like IL-10.

Cytokines produced within the adipose tissue are also capable of modulating the
phenotype of macrophages. This functional modulation is directly tied to the metabolism
of macrophages. For example, in the adipose microenvironment, eosinophils are a major
source of IL-4 and are responsible for the maintenance of M2 macrophage populations
within adipose tissue [88]. Other studies have shown that adipocytes themselves produce
IL-4 and another Th2 cytokine, IL-13, which induces upregulation of lipid metabolism
in M2 alternatively activated macrophages [89,90]. The induction of lipid metabolism in
M2 macrophages is mediated by IL-4 activation of PPARy /5. Myeloid-specific deletion
of PPARy /6 results in impaired numbers of M2 macrophages and increased diet-induced
obesity [89,91]. The M1 phenotype, in contrast, is driven by the activation of glycolysis and
a concurrent reduction in oxidative phosphorylation [92,93]. Importantly, several studies
demonstrate that the abundance of lipids in the adipose tissue causes the adipose tissue
macrophages to utilize FAO as the primary source of energy [25,94,95].

In most contexts, tumor-associated macrophages (TAMs) are pro-tumorigenic evi-
denced by their association with worse prognosis [96,97]. The mechanisms by which TAMs
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promote tumor growth and metastases are diverse. Adipose-infiltrating macrophages
were shown to secrete pro-angiogenic proteins such as vascular endothelial growth factor
(VEGF), TNFE-«, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1, and
IL-6 in a breast tumor mouse model [98]. In ovarian cancer, tumor cells and TAMs produce
the chemokine CCL22, which mediates the recruitment of Treg cells to the tumor, suppress-
ing anti-tumor immunity [52]. However, a more recent meta-analysis of the prognostic
significance of TAMs in ovarian cancer found that by delineating macrophage phenotype,
a higher M1/M2 ratio in ovarian cancer was associated with improved survival [99]. Re-
cent studies have suggested that obesity induces the generation of a pro-inflammatory,
metabolically activated, adipose tissue-associated macrophage phenotype that is both
mechanistically and functionally distinct from the anti-tumor M1 phenotype [100]. More-
over, these obesity-associated macrophages accumulate in the mammary adipose tissue of
humans and mice and are responsible for triple-negative breast cancer tumorigenesis [100].
These studies suggest that targeting metabolically active macrophages in adipose tissue
could be a viable strategy to prevent tumorigenesis. More critically, pharmacological
targeting of the “metabolic” state of the macrophages in the adipose tissue might provide
an opportunity to reprogram TAMs into anti-tumor macrophage phenotype.

4.2. Eosinophils

Eosinophils are a relatively rare yet important innate cell type that modulates the
immune response through antigen presentation to T cells, suppression of inflammation, and
maintenance of metabolic homeostasis [101]. Adipose tissue eosinophils protect against
diet-induced obesity and associated metabolic dysregulation through their modulation of
macrophage alternative activation [88]. However, significant evidence suggests that within
the tumor microenvironment, eosinophils can display both tumor-promoting and tumor-
suppressive effects [102]. Eosinophilia, the expansion of eosinophils, in cancer patients was
first described many decades ago, but the functional consequences of this phenomenon is
not completely clear. Eosinophilia with the tumor microenvironment appears to correlate
with improved survival in multiple different cancer types [103]. Many significant studies
have established the opposing roles of eosinophils on tumor progression both in vitro
and in vivo. For example, it was demonstrated that the adoptive transfer of activated
eosinophils leads to abrogation of tumor growth via induction of M1 macrophages, leading
to infiltration of CD8 T cells in melanoma models in mice [104]. Moreover, eosinophils can
also have a direct anti-tumor effect on the cancer cells by the release of IL-4 in the tumor
microenvironment [105]. Notably, it was also demonstrated that eosinophils can prevent
tumor metastasis and growth of primary tumors in a IL33 dependent manner [106].

Though fewer direct mechanistic studies exist, the pro-tumorigenic role of eosinophils
has also been repeatably documented. Studies have shown that eosinophils can secrete
several growth factors that can promote tumor growth, such as EGF, FGF, TGFf31, PDGF,
and VEGE. Analogous to adipose tissue, eosinophil-derived IL-13 is also responsible
for driving the M2 immune-suppressive macrophage phenotype [107]. Indoleamine 2,3-
dioxygenase (IDO) is a tryptophan-catabolizing enzyme that plays an immune-suppressive
role in the tumor microenvironment. Tumor-infiltrating eosinophils in non-small cell lung
cancer have been shown to express IDO and the presence of IDO-positive eosinophils
correlated with a worse overall prognosis [108]. This evidence strongly suggests that
eosinophils play an important role in modulating tumor growth and metastasis through a
variety of mechanisms. It is currently unknown if the pleiotropic tumor-associated function
of eosinophils is due to diverse phenotypes, as is the case with macrophages.

4.3. Neutrophils

Composing 50-70% of total circulating leukocytes, neutrophils are known major ef-
fectors of acute inflammation with growing evidence for their contribution to chronic
inflammation and adaptive immune responses [109,110]. In lean mice, neutrophils com-
pose less than 1% of total immune cells in adipose tissue [111]. In subcutaneous fat, the



Cancers 2021, 13, 3327

11 of 19

abundance of neutrophils was significantly correlated with increased BMI and blood pres-
sure [112]. Neutrophils utilize three primary effector functions for clearing pathogens:
phagocytosis, degranulation, and neutrophil extracellular trap (NET) formation or NE-
Tosis [113]. Neutrophils are largely glycolytic, but studies have described the utiliza-
tion of additional pathways including oxidative phosphorylation and fatty acid oxida-
tion [114]. Uniquely produced and released by neutrophils, NETs are web-like scaffolds
composed primarily of chromatin with cytotoxic proteins and proteases, which immobilize
and kill invading pathogens [115]. However, in the context of cancer, NET formation is
largely pro-tumorigenic. In mice and humans, NETs are produced in response to ovarian
tumor-derived inflammatory factors and bind to ovarian cancer cells, promoting omental
metastasis [116].

In an orthotopic ovarian cancer model, a neutrophil influx into milky spots of the
omentum prior to metastasis has been described. Within these milky spots, the frequency
of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), a form of patho-
logically activated neutrophils, contributes negatively to the outcomes of cancer therapies.
Additionally, fatty acid transport protein 2 (FATP2) has been shown to be upregulated
in mouse and human PMN-MDSCs. FATP2 inhibition in mouse PMN-MDSCs leads to a
significant decrease in tumor progression [117]. In a retrospective analysis of an immune
checkpoint blockade clinical trial of epithelial ovarian cancer, early discontinuation due to
poor treatment prognosis was associated with a high neutrophil-to-lymphocyte ratio [118].
While neutrophils have been investigated as potential novel therapeutic targets due to
their contribution to tumor progression [119], potential therapies targeting neutrophil
metabolism have been largely overlooked. Considering their highly glycolytic pheno-
type, therapies that target glucose uptake and utilization may be effective in mitigating
neutrophil function within the tumor microenvironment.

4.4. Innate Lymphoid Cells (ILCs)

ILCs are divided into several different groups that are defined by their patterns of
cytokine production and transcription factor expression. ILC1s, ILC2s, and ILC3s bear
a resemblance to the T helper cell subsets Thl, Th2, and Th17 cells, respectively, that
were described previously. ILCs are largely tissue-resident and have been found to play
expansive roles in tissue homeostasis through the shaping of both the innate and adaptive
immune responses [120]. Studies have demonstrated a role for ILCs in the regulation of
obesity. ILC1s have been shown to be resident in adipose tissue both in lean and obese
states [121]. ILC1s promote inflammation mediated by IFNy and polarize macrophages
towards an M1 phenotype [122]. However, in a lean state, adipose tissue ILC1s were
found to display cytotoxic activity towards M1 macrophages, which was impaired in the
obese state [121]. More research is needed to fully identify whether ILC1s play a direct
pathological role in obesity or are bystanders.

ILC2s have been found to contribute to the maintenance of the lean state. ILC2
populations within adipose tissue are maintained by IL-33 where they regulate infiltra-
tion of Treg cells, eosinophils, M2 macrophages, and the browning of WAT to limit obe-
sity [123,124]. Very few studies have investigated the role of ILC3s in obesity. However,
ILC3s produce IL22, which has been shown to have a protective effect against metabolic
disorders [125,126]. Conversely, in cancer, IL22 produced by colonic ILC2-like cells pro-
motes inflammation and proliferation of colonic epithelial cells, leading to dysplasia and
colon cancer formation [127]. In other tumor contexts, ILC2s have been shown to have
tumor inhibitory function. For example, in several mouse models, ILC2s were shown to
directly induce tumor cell apoptosis through an IL33-CXCR2 ligand axis [128]. Given their
tissue-resident characteristics, ILCs may be unique tools that can be used to infiltrate the
tumor microenvironment.
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4.5. NK and iNKT Cells

Natural killer (NK) cells are a unique type of innate lymphocyte that displays features
of both innate and adaptive immunity and are enriched in adipose tissue [121,122,129].
NK cell function is tightly regulated through interactions with inhibitory and activating
signals expressed on cells throughout the body. The cytolytic ability of NK cells provide
a rapid host defense against infection and cancer [130]. Notably, NK cells play a central
role in anti-tumor immunosurveillance [131]. The first evidence of the role of NK cells in
anti-tumor immunity came from studies in the 1980s, which showed that individuals with
genetic deficiencies in NK cell activity, had increased incidence of cancer. Further evidence
came from a landmark longitudinal study of the peripheral blood of individuals within the
general population, which showed that increased cytotoxic NK cell activity correlated with
reduced cancer risk [132]. Deletion of the NK cell stimulatory receptor, NKG2D, results in
defective immunosurveillance in transgenic mouse models of spontaneous cancer [133].
Similar to T cells, NK cell activation and effector function are dependent on the engagement
of glycolysis [134,135]. However, obesity induces lipid accumulation driven by PPARx
and PPARY, which causes dysfunction of NK cell metabolism, reduced production of IFNY,
and reduced tumor cell killing [136]. These results are particularly important in the context
of obesity-associated cancers. Therapies which prevent lipid uptake into NK cells may be
particularly relevant to maintain their crucial role in anti-tumor immunosurveillance.

Invariant natural killer T (iNKT) cells are a distinct immune subset that shares some
characteristics with NK cells and conventional T cells. However, iNKT cells express a
semi-invariant T cell receptor x-chain that is restricted to glycolipids presented on CD1d as
opposed to conventional T cells, which are MHC-restricted [131]. iNKT cells can modulate
immune responses through cytokine expression, interactions with antigen-presenting
cells, and direct cytotoxicity. In human and murine WAT, iNKT cells are specifically
enriched while their numbers are depleted in obesity and cancer. Adoptive transfer
of iNKT cells into obese mice or in vivo activation of iNKT cells led to a reduction in
body fat and enhanced insulin sensitivity [137,138]. Deletion of CD1d on adipocytes in
obese mice diminishes the iNKT cell response, which results in amplified adipose tissue
inflammation and insulin resistance [139,140]. In cancer, iNKT cells have been shown to
play a crucial role in anti-tumor immunity. Mice deficient in iNKT cells were incapable of
IL-12-mediated rejection of tumors [141]. iNKT cells were also necessary for the rejection of
spontaneously formed tumors in mice [142]. For reasons that are not yet fully understood,
iNKT cells under some contexts can suppress the immune response by inducing a Th2
response [143]. Overall, these studies indicate that iNKT cells play a significant role
in immune regulation to maintain metabolic homeostasis within adipose tissue and in
anti-tumor immunosurveillance.

5. Conclusions

Tumor-promoting inflammation, deregulating cellular energetics, and avoiding im-
mune destruction are hallmarks of cancer [144]. Collectively, these studies show that the
complex interplay within adipose tissue during obesity can lead to the establishment of
a pro-inflammatory niche that favors tumor development. The lipid-rich environment of
adipose tissue is exploited by cancer cells to fuel tumorigenesis and metastasis. In obesity,
CD8 T cells are activated, leading to enhanced inflammation. However, in tumors, it is clear
that lipids can cause dysfunction of NK cells and T cells. Future studies that take advantage
of relevant models of obesity combined with tumor development will be necessary to fully
understand the signaling cascades that are responsible for this dichotomy. Furthermore,
many of the findings discussed here are based on work using mouse models. While mice
continue to be an essential model system for both cancer and immunology fields, the VAT
deposits in mice are dissimilar from humans. Therefore, a more systematic investigation of
human VAT would provide essential insight into adipose tissue crosstalk with the immune
system and cancer.
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In conclusion, many components of the adipose tissue microenvironment modulate
the immune response to obesity and cancer. To develop successful therapies for tumors
that thrive in the adipose-rich environment, it is necessary to understand the complex
relationships between adipose tissue, immune cells, and cancer cells. In particular, fatty
acid metabolism and oxidative phosphorylation play a critical role in the function of Tyeg
cells, memory T cells, and macrophages within adipose tissue. We hope that with a greater
investigation of the adipose tissue microenvironment, we may begin to develop novel
modulators of immunometabolism, which will promote anti-tumor immunity. Metabolic
reprogramming of immune cells through the modulation of lipid uptake and utilization
may increase the efficacy of current immunotherapies to improve patient survival.

Author Contributions: Conceptualization, M.C.; data and reference curation, R.R., CW.,, APA,EL,;
writing—original draft preparation, R.R., C.W., A.P.A. and M.C.; writing—review and editing, K.B.,
A.P.A.,, M.C,; visualization, RR., C.W. and M.C,; supervision, M.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This work received no external funding.

Acknowledgments: Figures 1-3 were generated using BioRender.com (accessed on 7 May 2021).
M.C. would like to dedicate this manuscript to the memory of a great friend, scientist, and educator,
Julia (Rossini) Saunders.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rosen, E.D.; Spiegelman, B.M. Adipocytes as regulators of energy balance and glucose homeostasis. Nature 2006, 444, 847-853.
[CrossRef]

2. Haslam, D.W,; James, W.P. Obesity. Lancet 2005, 366, 1197-1209. [CrossRef]

3.  DiSpirito, J.R.; Mathis, D. Immunological contributions to adipose tissue homeostasis. Semin. Immunol. 2015, 27, 315-321.
[CrossRef]

4. Booth, A.; Magnuson, A.; Fouts, ].; Foster, M. Adipose tissue, obesity and adipokines: Role in cancer promotion. Horm. Mol. Biol.
Clin. Investig. 2015, 21, 57-74. [CrossRef] [PubMed]

5. Friedman, J. 20 years of leptin: Leptin at 20: An overview. ]. Endocrinol. 2014, 223, T1-T8. [CrossRef] [PubMed]

6.  Margetic, S.; Gazzola, C.; Pegg, G.G.; Hill, R.A. Leptin: A review of its peripheral actions and interactions. Int. ]. Obes. 2002, 26,
1407-1433. [CrossRef]

7.  Lord, G.M.; Matarese, G.; Howard, ].K; Baker, R.].; Bloom, S.R.; Lechler, R.I. Leptin modulates the T-cell immune response and
reverses starvation-induced immunosuppression. Nature 1998, 394, 897-901. [CrossRef]

8.  Duncan, B.B.; Schmidt, M.I.; Pankow, ].S.; Bang, H.; Couper, D.; Ballantyne, C.M.; Hoogeveen, R.C.; Heiss, G. Adiponectin and
the Development of Type 2 Diabetes. Atheroscler. Risk Communities Study 2004, 53, 2473-2478. [CrossRef]

9.  Hotta, K,; Funahashi, T.; Bodkin, N.L.; Ortmeyer, H.K.; Arita, Y.; Hansen, B.C.; Matsuzawa, Y. Circulating Concentrations of the
Adipocyte Protein Adiponectin Are Decreased in Parallel With Reduced Insulin Sensitivity During the Progression to Type 2
Diabetes in Rhesus Monkeys. Diabetes 2001, 50, 1126-1133. [CrossRef] [PubMed]

10.  Scherer, PE.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A Novel Serum Protein Similar to C1q, Produced Exclusively in
Adipocytes (*). J. Biol. Chem. 1995, 270, 26746-26749. [CrossRef] [PubMed]

11. Dalamaga, M.; Diakopoulos, K.N.; Mantzoros, C.S. The Role of Adiponectin in Cancer: A Review of Current Evidence. Endocr.
Rev. 2012, 33, 547-594. [CrossRef]

12.  Global BMI Mortality Collaboration; Di Angelantonio, E.; Bhupathiraju, S.; Wormser, D.; Gao, P.; Kaptoge, S.; Berrington de
Gonzalez, A.; Cairns, B.J.; Huxley, R.; Jackson, C.; et al. Body-mass index and all-cause mortality: Individual-participant-data
meta-analysis of 239 prospective studies in four continents. Lancet 2016, 388, 776-786. [CrossRef]

13. Ligibel, J.A.; Alfano, C.M.; Courneya, K.S.; Demark-Wahnefried, W.; Burger, R.A.; Chlebowski, R.T.; Fabian, C.J.; Gucalp, A.;
Hershman, D.L.; Hudson, M.M.; et al. American Society of Clinical Oncology position statement on obesity and cancer. J. Clin.
Oncol. Off. ]. Am. Soc. Clin. Oncol. 2014, 32, 3568-3574. [CrossRef] [PubMed]

14. Renehan, A.G.; Tyson, M.; Egger, M.; Heller, R.E.; Zwahlen, M. Body-mass index and incidence of cancer: A systematic review
and meta-analysis of prospective observational studies. Lancet 2008, 371, 569-578. [CrossRef]

15. Choi, EK,; Park, H.B.; Lee, K.H; Park, ].H.; Eisenhut, M.; van der Vliet, H.].; Kim, G.; Shin, J.I. Body mass index and 20 specific
cancers: Re-analyses of dose-response meta-analyses of observational studies. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2018, 29,
749-757. [CrossRef]

16. Friedman, J.M. Obesity: Causes and control of excess body fat. Nature 2009, 459, 340-342. [CrossRef]

17.  Meza-Perez, S.; Randall, T.D. Immunological Functions of the Omentum. Trends Immunol. 2017, 38, 526-536. [CrossRef]


BioRender.com
http://doi.org/10.1038/nature05483
http://doi.org/10.1016/S0140-6736(05)67483-1
http://doi.org/10.1016/j.smim.2015.10.005
http://doi.org/10.1515/hmbci-2014-0037
http://www.ncbi.nlm.nih.gov/pubmed/25781552
http://doi.org/10.1530/JOE-14-0405
http://www.ncbi.nlm.nih.gov/pubmed/25121999
http://doi.org/10.1038/sj.ijo.0802142
http://doi.org/10.1038/29795
http://doi.org/10.2337/diabetes.53.9.2473
http://doi.org/10.2337/diabetes.50.5.1126
http://www.ncbi.nlm.nih.gov/pubmed/11334417
http://doi.org/10.1074/jbc.270.45.26746
http://www.ncbi.nlm.nih.gov/pubmed/7592907
http://doi.org/10.1210/er.2011-1015
http://doi.org/10.1016/S0140-6736(16)30175-1
http://doi.org/10.1200/JCO.2014.58.4680
http://www.ncbi.nlm.nih.gov/pubmed/25273035
http://doi.org/10.1016/S0140-6736(08)60269-X
http://doi.org/10.1093/annonc/mdx819
http://doi.org/10.1038/459340a
http://doi.org/10.1016/j.it.2017.03.002

Cancers 2021, 13, 3327 14 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Worzfeld, T.; Pogge von Strandmann, E.; Huber, M.; Adhikary, T.; Wagner, U.; Reinartz, S.; Muller, R. The Unique Molecular and
Cellular Microenvironment of Ovarian Cancer. Front. Oncol. 2017, 7, 24. [CrossRef]

Litbarg, N.O.; Gudehithlu, K.P; Sethupathi, P.; Arruda, J.A.; Dunea, G.; Singh, A K. Activated omentum becomes rich in factors
that promote healing and tissue regeneration. Cell Tissue Res. 2007, 328, 487-497. [CrossRef]

Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.; Carey, M.S.; Mills, G.B.;
Hotamisligil, G.S.; et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat. Med.
2011, 17, 1498-1503. [CrossRef]

Ladanyi, A.; Mukherjee, A.; Kenny, H.A_; Johnson, A.; Mitra, A.K.; Sundaresan, S.; Nieman, K.M.; Pascual, G.; Benitah, S.A;
Montag, A.; et al. Adipocyte-induced CD36 expression drives ovarian cancer progression and metastasis. Oncogene 2018, 37,
2285-2301. [CrossRef]

Maguire, O.A.; Ackerman, S.E.; Szwed, S.K.; Maganti, A.V.; Marchildon, F.; Huang, X.; Kramer, D.].; Rosas-Villegas, A.;
Gelfer, R.G.; Turner, L.E; et al. Creatine-mediated crosstalk between adipocytes and cancer cells regulates obesity-driven breast
cancer. Cell Metab. 2021, 33, 499-512.e496. [CrossRef]

Hotamisligil, G.; Shargill, N.; Spiegelman, B. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked
insulin resistance. Science 1993, 259, 87-91. [CrossRef] [PubMed]

Tay, R.E.; Richardson, E.K.; Toh, H.C. Revisiting the role of CD4+ T cells in cancer immunotherapy—new insights into old
paradigms. Cancer Gene Ther. 2021, 28, 5-17. [CrossRef] [PubMed]

Kratz, M.; Coats, B.R.; Hisert, K.B.; Hagman, D.; Mutskov, V.; Peris, E.; Schoenfelt, K.Q.; Kuzma, J.N.; Larson, L; Billing, P.S.;
et al. Metabolic Dysfunction Drives a Mechanistically Distinct Proinflammatory Phenotype in Adipose Tissue Macrophages.
Cell Metab. 2014, 20, 614-625. [CrossRef]

McLaughlin, T.; Ackerman, S.E.; Shen, L.; Engleman, E. Role of innate and adaptive immunity in obesity-associated metabolic
disease. J. Clin. Investig. 2017, 127, 5-13. [CrossRef]

Kintscher, U.; Hartge, M.; Hess, K.; Foryst-Ludwig, A.; Clemenz, M.; Wabitsch, M.; Fischer-Posovszky, P.; Barth, T.E; Dragun, D.;
Skurk, T.; et al. T-lymphocyte infiltration in visceral adipose tissue: A primary event in adipose tissue inflammation and the
development of obesity-mediated insulin resistance. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1304-1310. [CrossRef]

Khan, I.M.; Dai Perrard, X.Y.; Perrard, J.L.; Mansoori, A.; Smith, C.W.; Wu, H.; Ballantyne, C.M. Attenuated adipose tissue and
skeletal muscle inflammation in obese mice with combined CD4+ and CD8+ T cell deficiency. Atherosclerosis 2014, 233, 419-428.
[CrossRef]

Lumeng, C.N; Saltiel, A.R. Inflammatory links between obesity and metabolic disease. J. Clin. Investig. 2011, 121, 2111-2117.
[CrossRef]

Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003, 3, 23-35. [CrossRef] [PubMed]

Winer, S.; Chan, Y.; Paltser, G.; Truong, D.; Tsui, H.; Bahrami, J.; Dorfman, R.; Wang, Y.; Zielenski, J.; Mastronardi, F,; et al.
Normalization of obesity-associated insulin resistance through immunotherapy. Nat. Med. 2009, 15, 921-929. [CrossRef]
McLaughlin, T.; Liu, L.E; Lamendola, C.; Shen, L.; Morton, J.; Rivas, H.; Winer, D.; Tolentino, L.; Choi, O.; Zhang, H.; et al. T-cell
profile in adipose tissue is associated with insulin resistance and systemic inflammation in humans. Arterioscler. Thromb. Vasc.
Biol. 2014, 34, 2637-2643. [CrossRef]

Weaver, C.T.; Hatton, R.D.; Mangan, PR.; Harrington, L.E. IL-17 Family Cytokines and the Expanding Diversity of Effector T Cell
Lineages. Annu. Rev. Immunol. 2007, 25, 821-852. [CrossRef]

Sumarac-Dumanovic, M.; Stevanovic, D.; Ljubic, A.; Jorga, J.; Simic, M.; Stamenkovic-Pejkovic, D.; Starcevic, V.; Trajkovic, V.;
Micic, D. Increased activity of interleukin-23/interleukin-17 proinflammatory axis in obese women. Int. J. Obes. 2009, 33, 151-156.
[CrossRef]

Fabbrini, E.; Cella, M.; McCartney, S.A.; Fuchs, A.; Abumrad, N.A; Pietka, T.A.; Chen, Z.; Finck, B.N.; Han, D.H.; Magkos, F.;
et al. Association Between Specific Adipose Tissue CD4+ T-Cell Populations and Insulin Resistance in Obese Individuals.
Gastroenterology 2013, 145, 366-374.e363. [CrossRef]

Zuiiga, L.A.; Shen, W.-].; Joyce-Shaikh, B.; Pyatnova, E.A.; Richards, A.G.; Thom, C.; Andrade, S.M.; Cua, D.J.; Kraemer, EB.;
Butcher, E.C. IL-17 Regulates Adipogenesis, Glucose Homeostasis, and Obesity. . Immunol. 2010, 185, 6947—-6959. [CrossRef]
Kohlgruber, A.C.; Gal-Oz, S.T.; LaMarche, N.M.; Shimazaki, M.; Duquette, D.; Koay, H.F; Nguyen, H.N.; Mina, A.L; Paras, T.;
Tavakkoli, A.; et al. gammadelta T cells producing interleukin-17A regulate adipose regulatory T cell homeostasis and thermoge-
nesis. Nat. Immunol. 2018, 19, 464-474. [CrossRef] [PubMed]

Harley, LTW.; Stankiewicz, T.E.; Giles, D.A.; Softic, S.; Flick, LM.; Cappelletti, M.; Sheridan, R.; Xanthakos, S.A.;
Steinbrecher, K.A.; Sartor, R.B.; et al. IL-17 signaling accelerates the progression of nonalcoholic fatty liver disease in
mice. Hepatology 2014, 59, 1830-1839. [CrossRef] [PubMed]

Mehta, P.; Nuotio-Antar, A.M.; Smith, C.W. v T cells promote inflammation and insulin resistance during high fat diet-induced
obesity in mice. J. Leukoc. Biol. 2015, 97, 121-134. [CrossRef] [PubMed]

Gentles, A.J.; Newman, A.M,; Liu, C.L.; Bratman, S.V,; Feng, W.; Kim, D.; Nair, V.S.; Xu, Y.; Khuong, A.; Hoang, C.D.; et al. The
prognostic landscape of genes and infiltrating immune cells across human cancers. Nat. Med. 2015, 21, 938-945. [CrossRef]
[PubMed]

Zou, W,; Restifo, N.P. T(H)17 cells in tumour immunity and immunotherapy. Nat. Rev. Immunol. 2010, 10, 248-256. [CrossRef]
[PubMed]


http://doi.org/10.3389/fonc.2017.00024
http://doi.org/10.1007/s00441-006-0356-4
http://doi.org/10.1038/nm.2492
http://doi.org/10.1038/s41388-017-0093-z
http://doi.org/10.1016/j.cmet.2021.01.018
http://doi.org/10.1126/science.7678183
http://www.ncbi.nlm.nih.gov/pubmed/7678183
http://doi.org/10.1038/s41417-020-0183-x
http://www.ncbi.nlm.nih.gov/pubmed/32457487
http://doi.org/10.1016/j.cmet.2014.08.010
http://doi.org/10.1172/JCI88876
http://doi.org/10.1161/ATVBAHA.108.165100
http://doi.org/10.1016/j.atherosclerosis.2014.01.011
http://doi.org/10.1172/JCI57132
http://doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://doi.org/10.1038/nm.2001
http://doi.org/10.1161/ATVBAHA.114.304636
http://doi.org/10.1146/annurev.immunol.25.022106.141557
http://doi.org/10.1038/ijo.2008.216
http://doi.org/10.1053/j.gastro.2013.04.010
http://doi.org/10.4049/jimmunol.1001269
http://doi.org/10.1038/s41590-018-0094-2
http://www.ncbi.nlm.nih.gov/pubmed/29670241
http://doi.org/10.1002/hep.26746
http://www.ncbi.nlm.nih.gov/pubmed/24115079
http://doi.org/10.1189/jlb.3A0414-211RR
http://www.ncbi.nlm.nih.gov/pubmed/25395302
http://doi.org/10.1038/nm.3909
http://www.ncbi.nlm.nih.gov/pubmed/26193342
http://doi.org/10.1038/nri2742
http://www.ncbi.nlm.nih.gov/pubmed/20336152

Cancers 2021, 13, 3327 15 of 19

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kryczek, I; Banerjee, M.; Cheng, P.; Vatan, L.; Szeliga, W.; Wei, S.; Huang, E.; Finlayson, E.; Simeone, D.; Welling, T.H.; et al.
Phenotype, distribution, generation, and functional and clinical relevance of Th17 cells in the human tumor environments. Blood
2009, 114, 1141-1149. [CrossRef] [PubMed]

Coffelt, S.B.; Kersten, K.; Doornebal, C.W.; Weiden, ].; Vrijland, K.; Hau, C.-S.; Verstegen, N.J.M.; Ciampricotti, M.; Hawinkels,
L.J.A.C,; Jonkers, J.; et al. IL-17-producing v T cells and neutrophils conspire to promote breast cancer metastasis. Nature 2015,
522,345-348. [CrossRef]

Curiel, T.J. Tregs and rethinking cancer immunotherapy. J. Clin. Investig. 2007, 117, 1167-1174. [CrossRef]

Feuerer, M.; Herrero, L.; Cipolletta, D.; Naaz, A.; Wong, ].; Nayer, A.; Lee, J.; Goldfine, A.B.; Benoist, C.; Shoelson, S.; et al. Lean,
but not obese, fat is enriched for a unique population of regulatory T cells that affect metabolic parameters. Nat. Med. 2009, 15,
930-939. [CrossRef]

Cipolletta, D.; Feuerer, M; Li, A.; Kamei, N.; Lee, J.; Shoelson, S.E.; Benoist, C.; Mathis, D. PPAR-gamma is a major driver of the
accumulation and phenotype of adipose tissue Treg cells. Nature 2012, 486, 549-553. [CrossRef]

Ahmadian, M.; Suh, ].M.,; Hah, N.; Liddle, C.; Atkins, A.R.; Downes, M.; Evans, R M. PPARgamma signaling and metabolism:
The good, the bad and the future. Nat. Med. 2013, 19, 557-566. [CrossRef]

Woo, E.Y,; Chu, C.S.; Goletz, TJ.; Schlienger, K.; Yeh, H.; Coukos, G.; Rubin, S.C.; Kaiser, L.R.; June, C.H. Regulatory
CD4(+)CD25(+) T cells in tumors from patients with early-stage non-small cell lung cancer and late-stage ovarian cancer.
Cancer Res. 2001, 61, 4766—-4772.

Liyanage, UK.; Moore, T.T,; Joo, H.G.; Tanaka, Y.; Herrmann, V.; Doherty, G.; Drebin, J.A.; Strasberg, S.M.; Eberlein, T.].;
Goedegebuure, PS.; et al. Prevalence of regulatory T cells is increased in peripheral blood and tumor microenvironment of
patients with pancreas or breast adenocarcinoma. J. Immunol. 2002, 169, 2756-2761. [CrossRef]

Shen, Z.; Zhou, S.; Wang, Y.; Li, RL.; Zhong, C.; Liang, C.; Sun, Y. Higher intratumoral infiltrated Foxp3+ Treg numbers and
Foxp3+/CD8+ ratio are associated with adverse prognosis in resectable gastric cancer. J. Cancer Res. Clin. Oncol. 2010, 136,
1585-1595. [CrossRef]

Gao, Q.; Qiu, SJJ.; Fan, J.; Zhou, J.; Wang, X.Y,; Xiao, Y.S.; Xu, Y;; Li, YW.; Tang, Z.Y. Intratumoral balance of regulatory and
cytotoxic T cells is associated with prognosis of hepatocellular carcinoma after resection. J. Clin. Oncol. Off. . Am. Soc. Clin. Oncol.
2007, 25, 2586-2593. [CrossRef]

Curiel, T.J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P.; Mottram, P.; Evdemon-Hogan, M.; Conejo-Garcia, J.R.; Zhang, L.;
Burow, M.; et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced
survival. Nat. Med. 2004, 10, 942-949. [CrossRef] [PubMed]

Wang, H.; Franco, E; Tsui, Y.-C.; Xie, X.; Trefny, M.P.,; Zappasodi, R.; Mohmood, S.R.; Ferndndez-Garcia, J.; Tsai, C.-H.; Schulze, L;
et al. CD36-mediated metabolic adaptation supports regulatory T cell survival and function in tumors. Nat. Immunol. 2020, 21,
298-308. [CrossRef]

Zhang, L.; Conejo-Garcia, ].R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger, K,;
Liebman, M.N; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. ]. Med. 2003, 348, 203-213.
[CrossRef]

Galon, J.; Costes, A.; Sanchez-Cabo, F.; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pages, C.; Tosolini, M.; Camus, M.; Berger, A.; Wind, P;
et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006, 313,
1960-1964. [CrossRef]

McGranahan, N.; Furness, A.J.; Rosenthal, R.; Ramskov, S.; Lyngaa, R.; Saini, S.K.; Jamal-Hanjani, M.; Wilson, G.A.; Birkbak, N.J.;
Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science 2016,
351, 1463-1469. [CrossRef]

Huang, A.C.; Postow, M.A ; Orlowski, R.J.; Mick, R.; Bengsch, B.; Manne, S.; Xu, W.; Harmon, S.; Giles, ].R.; Wenz, B.; et al. T-cell
invigoration to tumour burden ratio associated with anti-PD-1 response. Nature 2017, 545, 60—-65. [CrossRef]

Rausch, M.E.; Weisberg, S.; Vardhana, P.; Tortoriello, D.V. Obesity in C57BL/6] mice is characterized by adipose tissue hypoxia
and cytotoxic T-cell infiltration. Int. ]. Obes. 2008, 32, 451-463. [CrossRef]

Strissel, K.J.; DeFuria, J.; Shaul, M.E.; Bennett, G.; Greenberg, A.S.; Obin, M.S. T-Cell Recruitment and Th1 Polarization in Adipose
Tissue During Diet-Induced Obesity in C57BL/6 Mice. Obesity 2010, 18, 1918-1925. [CrossRef]

McGillicuddy, FE.C.; Chiquoine, E.H.; Hinkle, C.C.; Kim, R.J.; Shah, R.; Roche, HM.; Smyth, E.M.; Reilly, M.P. Interferon y
Attenuates Insulin Signaling, Lipid Storage, and Differentiation in Human Adipocytes via Activation of the JAK/STAT Pathway.
J. Biol. Chem. 2009, 284, 31936-31944. [CrossRef]

Nishimura, S.; Manabe, I.; Nagasaki, M.; Eto, K.; Yamashita, H.; Ohsugi, M.; Otsu, M.; Hara, K,; Ueki, K.; Sugiura, S.; et al. CD8+
effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat. Med. 2009, 15, 914-920.
[CrossRef]

Yang, H.; Youm, Y.H.; Vandanmagsar, B.; Ravussin, A.; Gimble, ].M.; Greenway, E; Stephens, ] M.; Mynatt, R.L.; Dixit, V.D.
Obesity increases the production of proinflammatory mediators from adipose tissue T cells and compromises TCR repertoire
diversity: Implications for systemic inflammation and insulin resistance. J. Immunol. 2010, 185, 1836-1845. [CrossRef]
Klebanoff, C.A.; Gattinoni, L.; Palmer, D.C.; Muranski, P,; Ji, Y.; Hinrichs, C.S.; Borman, Z.A.; Kerkar, S.P; Scott, C.D.;
Finkelstein, S.E.; et al. Determinants of Successful CD8+ T-Cell Adoptive Inmunotherapy for Large Established Tumors in Mice.
Clin. Cancer Res. 2011, 17, 5343-5352. [CrossRef]


http://doi.org/10.1182/blood-2009-03-208249
http://www.ncbi.nlm.nih.gov/pubmed/19470694
http://doi.org/10.1038/nature14282
http://doi.org/10.1172/JCI31202
http://doi.org/10.1038/nm.2002
http://doi.org/10.1038/nature11132
http://doi.org/10.1038/nm.3159
http://doi.org/10.4049/jimmunol.169.5.2756
http://doi.org/10.1007/s00432-010-0816-9
http://doi.org/10.1200/JCO.2006.09.4565
http://doi.org/10.1038/nm1093
http://www.ncbi.nlm.nih.gov/pubmed/15322536
http://doi.org/10.1038/s41590-019-0589-5
http://doi.org/10.1056/NEJMoa020177
http://doi.org/10.1126/science.1129139
http://doi.org/10.1126/science.aaf1490
http://doi.org/10.1038/nature22079
http://doi.org/10.1038/sj.ijo.0803744
http://doi.org/10.1038/oby.2010.1
http://doi.org/10.1074/jbc.M109.061655
http://doi.org/10.1038/nm.1964
http://doi.org/10.4049/jimmunol.1000021
http://doi.org/10.1158/1078-0432.CCR-11-0503

Cancers 2021, 13, 3327 16 of 19

64.

65.

66.

67.
68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Krishna, S.; Lowery, EJ.; Copeland, A.R.; Bahadiroglu, E.; Mukherjee, R.; Jia, L.; Anibal, J.T.; Sachs, A.; Adebola, S.O.;
Gurusamy, D.; et al. Stem-like CD8 T cells mediate response of adoptive cell immunotherapy against human cancer. Science 2020,
370, 1328-1334. [CrossRef] [PubMed]

Van der Windt, G.J.; Everts, B.; Chang, C.H.; Curtis, ].D.; Freitas, T.C.; Amiel, E.; Pearce, E.J.; Pearce, E.L. Mitochondrial respiratory
capacity is a critical regulator of CD8+ T cell memory development. Immunity 2012, 36, 68-78. [CrossRef]

Pearce, E.L.; Poffenberger, M.C.; Chang, C.-H.; Jones, R.G. Fueling Immunity: Insights into Metabolism and Lymphocyte Function.
Science 2013, 342, 1242454. [CrossRef]

Leone, R.D.; Powell, ].D. Metabolism of immune cells in cancer. Nat. Rev. Cancer 2020, 20, 516-531. [CrossRef]

Pan, Y,; Tian, T,; Park, C.O.; Lofftus, S.Y.; Mei, S.; Liu, X.; Luo, C.; O'Malley, ].T.; Gehad, A.; Teague, ].E.; et al. Survival of
tissue-resident memory T cells requires exogenous lipid uptake and metabolism. Nature 2017, 543, 252-256. [CrossRef]

Han, S.-].; Glatman Zaretsky, A.; Andrade-Oliveira, V.; Collins, N.; Dzutsev, A.; Shaik, J.; Morais da Fonseca, D.; Harrison, O.].;
Tamoutounour, S.; Byrd, A.L.; et al. White Adipose Tissue Is a Reservoir for Memory T Cells and Promotes Protective Memory
Responses to Infection. Immunity 2017, 47, 1154-1168.e1156. [CrossRef]

Bengsch, B.; Johnson, A.L.; Kurachi, M.; Odorizzi, PM.; Pauken, K.E.; Attanasio, J.; Stelekati, E.; McLane, L.M.; Paley, M.A.;
Delgoffe, G.M.; et al. Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an
Early Driver of CD8+ T Cell Exhaustion. Immunity 2016, 45, 358-373. [CrossRef] [PubMed]

Wherry, EJ.; Ha, S.J.; Kaech, S.M.; Haining, W.N.; Sarkar, S.; Kalia, V.; Subramaniam, S.; Blattman, J.N.; Barber, D.L.; Ahmed, R.
Molecular signature of CD8+ T cell exhaustion during chronic viral infection. Immunity 2007, 27, 670-684. [CrossRef]

Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492. [CrossRef]

Delgoffe, G.M.; Powell, ].D. Feeding an army: The metabolism of T cells in activation, anergy, and exhaustion. Mol. Immunol.
2015, 68, 492-496. [CrossRef]

Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, J.P,; Sharpe, A.H.; Freeman, G.J.; Ahmed, R. Restoring function in
exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682—687. [CrossRef]

Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt
Gerritje, ].W.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162,
1229-1241. [CrossRef]

Scharping, N.E.; Rivadeneira, D.B.; Menk, A.V.; Vignali, PD.A.; Ford, B.R.; Rittenhouse, N.L.; Peralta, R.; Wang, Y.; Wang, Y.;
DePeaux, K.; et al. Mitochondrial stress induced by continuous stimulation under hypoxia rapidly drives T cell exhaustion. Nat.
Immunol. 2021, 22, 205-215. [CrossRef]

Ma, X,; Xiao, L.; Liu, L.; Ye, L.; Su, P;; Bi, E.; Wang, Q.; Yang, M.; Qian, J.; Yi, Q. CD36-mediated ferroptosis dampens intratumoral
CD8+ T cell effector function and impairs their antitumor ability. Cell Metab. 2021. [CrossRef]

Xu, S.; Chaudhary, O.; Rodriguez-Morales, P.; Sun, X.; Chen, D.; Zappasodi, R.; Xu, Z.; Pinto, A.EM.; Williams, A.; Schulze, I;
et al. Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid peroxidation and dysfunction in CD8+ T cells in
tumors. Immunity 2021. [CrossRef]

Ma, X; Bi, E;; Lu, Y;; Su, P; Huang, C.; Liu, L.; Wang, Q.; Yang, M.; Kalady, M.E; Qian, J.; et al. Cholesterol Induces CD8(+) T Cell
Exhaustion in the Tumor Microenvironment. Cell Metab. 2019, 30, 143-156.e145. [CrossRef]

Zhang, Y.; Kurupati, R.; Liu, L.; Zhou, X.Y.; Zhang, G.; Hudaihed, A; Filisio, F.; Giles-Davis, W.; Xu, X.; Karakousis, G.C.; et al.
Enhancing CD8+ T Cell Fatty Acid Catabolism within a Metabolically Challenging Tumor Microenvironment Increases the
Efficacy of Melanoma Immunotherapy. Cancer Cell 2017, 32, 377-391.€379. [CrossRef]

Winer, D.A.; Winer, S.; Chng, M.H.; Shen, L.; Engleman, E.G. B Lymphocytes in obesity-related adipose tissue inflammation and
insulin resistance. Cell. Mol. Life Sci. 2014, 71, 1033-1043. [CrossRef]

Winer, D.A.; Winer, S.; Shen, L.; Wadia, P.P.; Yantha, J.; Paltser, G.; Tsui, H.; Wu, P,; Davidson, M.G.; Alonso, M.N.; et al. B cells
promote insulin resistance through modulation of T cells and production of pathogenic IgG antibodies. Nat. Med. 2011, 17,
610-617. [CrossRef] [PubMed]

DeFuria, J.; Belkina, A.C.; Jagannathan-Bogdan, M.; Snyder-Cappione, J.; Carr, ].D.; Nersesova, Y.R.; Markham, D.; Strissel, K.J.;
Watkins, A.A.; Zhu, M,; et al. B cells promote inflammation in obesity and type 2 diabetes through regulation of T-cell function
and an inflammatory cytokine profile. Proc. Natl. Acad. Sci. USA 2013, 110, 5133-5138. [CrossRef] [PubMed]

Nishimura, S.; Manabe, I; Takaki, S.; Nagasaki, M.; Otsu, M.; Yamashita, H.; Sugita, ].; Yoshimura, K.; Eto, K.; Komuro, L; et al.
Adipose Natural Regulatory B Cells Negatively Control Adipose Tissue Inflammation. Cell Metab. 2013, 18, 759-766. [CrossRef]
Wynn, T.A; Chawla, A.; Pollard, ].W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445-455.
[CrossRef] [PubMed]

Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J. Clin.
Investig. 2007, 117, 175-184. [CrossRef] [PubMed]

Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated with macrophage
accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796-1808. [CrossRef]

Wu, D.; Molofsky, A.B.; Liang, H.E.; Ricardo-Gonzalez, R.R.; Jouihan, H.A.; Bando, ].K.; Chawla, A.; Locksley, R.M. Eosinophils
sustain adipose alternatively activated macrophages associated with glucose homeostasis. Science 2011, 332, 243-247. [CrossRef]
Kang, K,; Reilly, S.M.; Karabacak, V.; Gangl, M.R ; Fitzgerald, K.; Hatano, B.; Lee, C.-H. Adipocyte-Derived Th2 Cytokines and
Myeloid PPARS Regulate Macrophage Polarization and Insulin Sensitivity. Cell Metab. 2008, 7, 485-495. [CrossRef]


http://doi.org/10.1126/science.abb9847
http://www.ncbi.nlm.nih.gov/pubmed/33303615
http://doi.org/10.1016/j.immuni.2011.12.007
http://doi.org/10.1126/science.1242454
http://doi.org/10.1038/s41568-020-0273-y
http://doi.org/10.1038/nature21379
http://doi.org/10.1016/j.immuni.2017.11.009
http://doi.org/10.1016/j.immuni.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27496729
http://doi.org/10.1016/j.immuni.2007.09.006
http://doi.org/10.1038/ni.2035
http://doi.org/10.1016/j.molimm.2015.07.026
http://doi.org/10.1038/nature04444
http://doi.org/10.1016/j.cell.2015.08.016
http://doi.org/10.1038/s41590-020-00834-9
http://doi.org/10.1016/j.cmet.2021.02.015
http://doi.org/10.1016/j.immuni.2021.05.003
http://doi.org/10.1016/j.cmet.2019.04.002
http://doi.org/10.1016/j.ccell.2017.08.004
http://doi.org/10.1007/s00018-013-1486-y
http://doi.org/10.1038/nm.2353
http://www.ncbi.nlm.nih.gov/pubmed/21499269
http://doi.org/10.1073/pnas.1215840110
http://www.ncbi.nlm.nih.gov/pubmed/23479618
http://doi.org/10.1016/j.cmet.2013.09.017
http://doi.org/10.1038/nature12034
http://www.ncbi.nlm.nih.gov/pubmed/23619691
http://doi.org/10.1172/JCI29881
http://www.ncbi.nlm.nih.gov/pubmed/17200717
http://doi.org/10.1172/JCI200319246
http://doi.org/10.1126/science.1201475
http://doi.org/10.1016/j.cmet.2008.04.002

Cancers 2021, 13, 3327 17 of 19

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

Vats, D.; Mukundan, L.; Odegaard, ].I.; Zhang, L.; Smith, K.L.; Morel, C.R.; Wagner, R.A.; Greaves, D.R.; Murray, PJ.; Chawla, A.
Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation. Cell Metab. 2006, 4, 13-24. [CrossRef]
Odegaard, ].I; Ricardo-Gonzalez, R.R.; Goforth, M.H.; Morel, C.R.; Subramanian, V.; Mukundan, L.; Eagle, A.R.; Vats, D.;
Brombacher, E,; Ferrante, A.W.; et al. Macrophage-specific PPARYy controls alternative activation and improves insulin resistance.
Nature 2007, 447, 1116-1120. [CrossRef]

Rodriguez-Prados, J.-C.; Través, P.G.; Cuenca, J.; Rico, D.; Aragonés, J.; Martin-Sanz, P.; Cascante, M.; Bosca, L. Substrate Fate
in Activated Macrophages: A Comparison between Innate, Classic, and Alternative Activation. J. Immunol. 2010, 185, 605-614.
[CrossRef]

Jha Abhishek, K.; Huang Stanley, C.-C.; Sergushichev, A.; Lampropoulou, V.; Ivanova, Y.; Loginicheva, E.; Chmielewski, K,;
Stewart Kelly, M.; Ashall, J.; Everts, B.; et al. Network Integration of Parallel Metabolic and Transcriptional Data Reveals Metabolic
Modules that Regulate Macrophage Polarization. Immunity 2015, 42, 419-430. [CrossRef]

Huang, S.C.-C,; Everts, B.; Ivanova, Y.; O'Sullivan, D.; Nascimento, M.; Smith, A.M.; Beatty, W.; Love-Gregory, L.; Lam, W.Y,;
O'Neill, C.M.; et al. Cell-intrinsic lysosomal lipolysis is essential for alternative activation of macrophages. Nat. Immunol. 2014,
15, 846-855. [CrossRef]

Xu, X.; Grijalva, A.; Skowronski, A.; van Eijk, M.; Serlie, M.].; Ferrante, A.W., Jr. Obesity activates a program of lysosomal-
dependent lipid metabolism in adipose tissue macrophages independently of classic activation. Cell Metab. 2013, 18, 816-830.
[CrossRef]

Qian, B.-Z.; Pollard, ]. W. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell 2010, 141, 39-51. [CrossRef]
[PubMed]

Ruffell, B.; Coussens Lisa, M. Macrophages and Therapeutic Resistance in Cancer. Cancer Cell 2015, 27, 462—472. [CrossRef]

Lin, E.Y,; Li, ].F; Gnatovskiy, L.; Deng, Y.; Zhu, L.; Grzesik, D.A.; Qian, H.; Xue, X.N.; Pollard, ]. W. Macrophages regulate the
angiogenic switch in a mouse model of breast cancer. Cancer Res. 2006, 66, 11238-11246. [CrossRef]

Yuan, X.; Zhang, J.; Li, D.; Mao, Y.; Mo, F; Du, W.; Ma, X. Prognostic significance of tumor-associated macrophages in ovarian
cancer: A meta-analysis. Gynecol. Oncol. 2017, 147, 181-187. [CrossRef] [PubMed]

Tiwari, P; Blank, A.; Cui, C.; Schoenfelt, K.Q.; Zhou, G.; Xu, Y.; Khramtsova, G.; Olopade, E; Shah, A.M.; Khan, S.A.; et al.
Metabolically activated adipose tissue macrophages link obesity to triple-negative breast cancer. J. Exp. Med. 2019, 216, 1345-1358.
[CrossRef] [PubMed]

Klion, A.D.; Ackerman, S.J.; Bochner, B.S. Contributions of Eosinophils to Human Health and Disease. Annu. Rev. Pathol. Mech.
Dis. 2020, 15, 179-209. [CrossRef] [PubMed]

Grisaru-Tal, S.; Itan, M.; Klion, A.D.; Munitz, A. A new dawn for eosinophils in the tumour microenvironment. Nat. Rev. Cancer
2020, 20, 594-607. [CrossRef] [PubMed]

Davis, B.P; Rothenberg, M.E. Eosinophils and Cancer. Cancer Immunol. Res. 2014, 2, 1-8. [CrossRef]

Carretero, R.; Sektioglu, .M.; Garbi, N.; Salgado, O.C.; Beckhove, P.; Hammerling, G.J. Eosinophils orchestrate cancer rejection by
normalizing tumor vessels and enhancing infiltration of CD8(+) T cells. Nat. Immunol. 2015, 16, 609-617. [CrossRef]

Tepper, R.L; Coffman, R.L.; Leder, P. An eosinophil-dependent mechanism for the antitumor effect of interleukin-4. Science 1992,
257,548-551. [CrossRef]

Lucarini, V.; Ziccheddu, G.; Macchia, I.; La Sorsa, V.; Peschiaroli, F.; Buccione, C.; Sistigu, A.; Sanchez, M.; Andreone, S.;
D’Urso, M.T,; et al. IL-33 restricts tumor growth and inhibits pulmonary metastasis in melanoma-bearing mice through
eosinophils. Oncoimmunology 2017, 6, €1317420. [CrossRef] [PubMed]

Kratochvill, F; Neale, G.; Haverkamp, ] M.; Van de Velde, L.-A.; Smith, A.M.; Kawauchi, D.; McEvoy, J.; Roussel, M.F,; Dyer, M.A.;
Qualls, ].E.; et al. TNF Counterbalances the Emergence of M2 Tumor Macrophages. Cell Rep. 2015, 12, 1902-1914. [CrossRef]
Astigiano, S.; Morandji, B.; Costa, R.; Mastracci, L.; D’Agostino, A.; Ratto, G.B.; Melioli, G.; Frumento, G. Eosinophil Granulocytes
Account for Indoleamine 2,3-Dioxygenase-Mediated Immune Escape in Human Non Small Cell Lung Cancer. Neoplasia 2005, 7,
390-396. [CrossRef]

Injarabian, L.; Devin, A.; Ransac, S.; Marteyn, B.S. Neutrophil Metabolic Shift during their Lifecycle: Impact on their Survival and
Activation. Int. . Mol. Sci. 2019, 21, 287. [CrossRef]

Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. Immunol. 2013, 13,
159-175. [CrossRef]

Ferrante, A.W.,, Jr. The immune cells in adipose tissue. Diabetes Obes. Metab. 2013, 15, 34-38. [CrossRef]

Shah, T.J.; Leik, C.E.; Walsh, S.W. Neutrophil infiltration and systemic vascular inflammation in obese women. Reprod. Sci. 2010,
17,116-124. [CrossRef]

Manfredi, A.A.; Ramirez, G.A.; Rovere-Querini, P.; Maugeri, N. The Neutrophil’s Choice: Phagocytose vs Make Neutrophil
Extracellular Traps. Front. Immunol. 2018, 9, 288. [CrossRef] [PubMed]

Jeon, ].H.; Hong, CW.; Kim, E.Y.; Lee, ]. M. Current Understanding on the Metabolism of Neutrophils. Immune Netw. 2020, 20, e46.
[CrossRef]

Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134-147. [CrossRef]
[PubMed]

Lee, W.; Ko, S.Y.; Mohamed, M.S.; Kenny, H.A ; Lengyel, E.; Naora, H. Neutrophils facilitate ovarian cancer premetastatic niche
formation in the omentum. J. Exp. Med. 2018, 216, 176-194. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cmet.2006.05.011
http://doi.org/10.1038/nature05894
http://doi.org/10.4049/jimmunol.0901698
http://doi.org/10.1016/j.immuni.2015.02.005
http://doi.org/10.1038/ni.2956
http://doi.org/10.1016/j.cmet.2013.11.001
http://doi.org/10.1016/j.cell.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20371344
http://doi.org/10.1016/j.ccell.2015.02.015
http://doi.org/10.1158/0008-5472.CAN-06-1278
http://doi.org/10.1016/j.ygyno.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28698008
http://doi.org/10.1084/jem.20181616
http://www.ncbi.nlm.nih.gov/pubmed/31053611
http://doi.org/10.1146/annurev-pathmechdis-012419-032756
http://www.ncbi.nlm.nih.gov/pubmed/31977298
http://doi.org/10.1038/s41568-020-0283-9
http://www.ncbi.nlm.nih.gov/pubmed/32678342
http://doi.org/10.1158/2326-6066.CIR-13-0196
http://doi.org/10.1038/ni.3159
http://doi.org/10.1126/science.1636093
http://doi.org/10.1080/2162402X.2017.1317420
http://www.ncbi.nlm.nih.gov/pubmed/28680750
http://doi.org/10.1016/j.celrep.2015.08.033
http://doi.org/10.1593/neo.04658
http://doi.org/10.3390/ijms21010287
http://doi.org/10.1038/nri3399
http://doi.org/10.1111/dom.12154
http://doi.org/10.1177/1933719109348252
http://doi.org/10.3389/fimmu.2018.00288
http://www.ncbi.nlm.nih.gov/pubmed/29515586
http://doi.org/10.4110/in.2020.20.e46
http://doi.org/10.1038/nri.2017.105
http://www.ncbi.nlm.nih.gov/pubmed/28990587
http://doi.org/10.1084/jem.20181170
http://www.ncbi.nlm.nih.gov/pubmed/30567719

Cancers 2021, 13, 3327 18 of 19

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Veglia, F.; Tyurin, V.A.; Blasi, M.; De Leo, A.; Kossenkov, A.V.; Donthireddy, L.; To, TK.J.; Schug, Z.; Basu, S.; Wang, F.; et al. Fatty
acid transport protein 2 reprograms neutrophils in cancer. Nature 2019, 569, 73-78. [CrossRef]

Boland, J.L.; Zhou, Q.; Martin, M.; Callahan, M.K.; Konner, J.; O’Cearbhaill, R.E.; Friedman, C.F,; Tew, W.; Makker, V.;
Grisham, R.N,; et al. Early disease progression and treatment discontinuation in patients with advanced ovarian cancer receiving
immune checkpoint blockade. Gynecol. Oncol. 2018, 152, 251-258. [CrossRef]

Granot, Z. Neutrophils as a Therapeutic Target in Cancer. Front. Immunol. 2019, 10, 1710. [CrossRef]

Vivier, E.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.; Eberl, G.; Koyasu, S.; Locksley, R.M.; McKenzie, A.N.J.;
Mebius, R.E.; et al. Innate Lymphoid Cells: 10 Years On. Cell 2018, 174, 1054-1066. [CrossRef]

Boulenouar, S.; Michelet, X.; Duquette, D.; Alvarez, D.; Hogan, A.E.; Dold, C.; O’Connor, D.; Stutte, S.; Tavakkoli, A.; Winters, D.;
et al. Adipose Type One Innate Lymphoid Cells Regulate Macrophage Homeostasis through Targeted Cytotoxicity. Immunity
2017, 46, 273-286. [CrossRef] [PubMed]

O’Sullivan, T.E.; Rapp, M,; Fan, X.; Weizman, O.-E.; Bhardwaj, P.; Adams, N.M.; Walzer, T.; Dannenberg, A.].; Sun, ].C. Adipose-
resident group 1 innate lymphoid cells promote obesity-associated insulin resistance. Immunity 2016, 45, 428-441. [CrossRef]
[PubMed]

Molofsky, A.B.; Van Gool, F.; Liang, H.E.; Van Dyken, S.J.; Nussbaum, ].C.; Lee, ].; Bluestone, J.A.; Locksley, R. M. Interleukin-33
and Interferon-gamma Counter-Regulate Group 2 Innate Lymphoid Cell Activation during Immune Perturbation. Immunity 2015,
43,161-174. [CrossRef] [PubMed]

Brestoff, ].R.; Kim, B.S.; Saenz, S.A; Stine, R.R.; Monticelli, L.A.; Sonnenberg, G.F.; Thome, ].J.; Farber, D.L.; Lutfy, K.; Seale, P; et al.
Group 2 innate lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature 2015, 519, 242-246. [CrossRef]
Wang, X.; Ota, N.; Manzanillo, P; Kates, L.; Zavala-Solorio, J.; Eidenschenk, C.; Zhang, J.; Lesch, J.; Lee, W.P; Ross, J.; et al.
Interleukin-22 alleviates metabolic disorders and restores mucosal immunity in diabetes. Nature 2014, 514, 237-241. [CrossRef]
Hasnain, S.Z.; Borg, D.J.; Harcourt, B.E.; Tong, H.; Sheng, YH.; Ng, C.P; Das, I.; Wang, R.; Chen, A.C.H.; Loudovaris, T.; et al.
Glycemic control in diabetes is restored by therapeutic manipulation of cytokines that regulate beta cell stress. Nat. Med. 2014, 20,
1417-1426. [CrossRef]

Kirchberger, S.; Royston, D.J.; Boulard, O.; Thornton, E.; Franchini, F.; Szabady, R.L.; Harrison, O.; Powrie, F. Innate lymphoid
cells sustain colon cancer through production of interleukin-22 in a mouse model. J. Exp. Med. 2013, 210, 917-931. [CrossRef]
Kim, J.; Kim, W.; Moon, U J.; Kim, H.J.; Choi, H.J.; Sin, ].I; Park, N.H.; Cho, H.R.; Kwon, B. Intratumorally Establishing Type 2
Innate Lymphoid Cells Blocks Tumor Growth. J. Immunol. 2016, 196, 2410-2423. [CrossRef]

Wensveen, EM.; Jelenci¢, V.; Valenti¢, S.; Sestan, M.; Wensveen, T.T.; Theurich, S.; Glasner, A.; Mendrila, D.; Stimac, D.;
Wunderlich, ET,; et al. NK cells link obesity-induced adipose stress to inflammation and insulin resistance. Nat. Immunol. 2015,
16, 376-385. [CrossRef]

Morvan, M.G.; Lanier, L.L. NK cells and cancer: You can teach innate cells new tricks. Nat. Rev. Cancer 2016, 16, 7. [CrossRef]
Vivier, E.; Ugolini, S.; Blaise, D.; Chabannon, C.; Brossay, L. Targeting natural killer cells and natural killer T cells in cancer. Nat.
Rev. Immunol. 2012, 12, 239-252. [CrossRef]

Imai, K.; Matsuyama, S.; Miyake, S.; Suga, K.; Nakachi, K. Natural cytotoxic activity of peripheral-blood lymphocytes and cancer
incidence: An 11-year follow-up study of a general population. Lancet 2000, 356, 1795-1799. [CrossRef]

Guerra, N.; Tan, Y.X; Joncker, N.T.; Choy, A.; Gallardo, E; Xiong, N.; Knoblaugh, S.; Cado, D.; Greenberg, N.R.; Raulet, D.H.
NKG2D-Deficient Mice Are Defective in Tumor Surveillance in Models of Spontaneous Malignancy. Immunity 2008, 28, 571-580.
[CrossRef]

Assmann, N.; O’Brien, K.L.; Donnelly, R.P.; Dyck, L.; Zaiatz-Bittencourt, V.; Loftus, R.M.; Heinrich, P.; Oefner, PJ.; Lynch, L.;
Gardiner, C.M. Srebp-controlled glucose metabolism is essential for NK cell functional responses. Nat. Immunol. 2017, 18, 1197.
[CrossRef]

Donnelly, R.P,; Loftus, R.M.; Keating, S.E.; Liou, K.T.; Biron, C.A.; Gardiner, C.M.; Finlay, D.K. mTORC1-Dependent Metabolic
Reprogramming Is a Prerequisite for NK Cell Effector Function. J. Immunol. 2014, 193, 4477-4484. [CrossRef] [PubMed]
Michelet, X.; Dyck, L.; Hogan, A.; Loftus, R-M.; Duquette, D.; Wei, K.; Beyaz, S.; Tavakkoli, A.; Foley, C.; Donnelly, R.; et al.
Metabolic reprogramming of natural killer cells in obesity limits antitumor responses. Nat. Immunol. 2018, 19, 1330-1340.
[CrossRef] [PubMed]

Lynch, L.; Nowak, M.; Varghese, B.; Clark, J.; Hogan, A.E.; Toxavidis, V.; Balk, S.P.; O’Shea, D.; O’Farrelly, C.; Exley, M.A. Adipose
tissue invariant NKT cells protect against diet-induced obesity and metabolic disorder through regulatory cytokine production.
Immunity 2012, 37, 574-587. [CrossRef] [PubMed]

Lynch, L.; O’Shea, D.; Winter, D.C.; Geoghegan, J.; Doherty, D.G.; O’Farrelly, C. Invariant NKT cells and CD1d(+) cells amass in
human omentum and are depleted in patients with cancer and obesity. Eur. J. Immunol. 2009, 39, 1893-1901. [CrossRef]

Huh, ].Y,; Park, Y.J.; Kim, ].B. Adipocyte CD1d determines adipose inflammation and insulin resistance in obesity. Adipocyte 2018,
7,129-136. [CrossRef]

Huh, ].Y,; Park, J.; Kim, ].I; Park, Y.J.; Lee, Y.K.; Kim, J.B. Deletion of CD1d in Adipocytes Aggravates Adipose Tissue Inflammation
and Insulin Resistance in Obesity. Diabetes 2017, 66, 835-847. [CrossRef] [PubMed]

Cui, J.; Shin, T.; Kawano, T.; Sato, H.; Kondo, E.; Toura, I.; Kaneko, Y.; Koseki, H.; Kanno, M.; Taniguchi, M. Requirement for
Valphal4 NKT cells in IL-12-mediated rejection of tumors. Science 1997, 278, 1623-1626. [CrossRef] [PubMed]


http://doi.org/10.1038/s41586-019-1118-2
http://doi.org/10.1016/j.ygyno.2018.11.025
http://doi.org/10.3389/fimmu.2019.01710
http://doi.org/10.1016/j.cell.2018.07.017
http://doi.org/10.1016/j.immuni.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28228283
http://doi.org/10.1016/j.immuni.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27496734
http://doi.org/10.1016/j.immuni.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26092469
http://doi.org/10.1038/nature14115
http://doi.org/10.1038/nature13564
http://doi.org/10.1038/nm.3705
http://doi.org/10.1084/jem.20122308
http://doi.org/10.4049/jimmunol.1501730
http://doi.org/10.1038/ni.3120
http://doi.org/10.1038/nrc.2015.5
http://doi.org/10.1038/nri3174
http://doi.org/10.1016/S0140-6736(00)03231-1
http://doi.org/10.1016/j.immuni.2008.02.016
http://doi.org/10.1038/ni.3838
http://doi.org/10.4049/jimmunol.1401558
http://www.ncbi.nlm.nih.gov/pubmed/25261477
http://doi.org/10.1038/s41590-018-0251-7
http://www.ncbi.nlm.nih.gov/pubmed/30420624
http://doi.org/10.1016/j.immuni.2012.06.016
http://www.ncbi.nlm.nih.gov/pubmed/22981538
http://doi.org/10.1002/eji.200939349
http://doi.org/10.1080/21623945.2018.1440928
http://doi.org/10.2337/db16-1122
http://www.ncbi.nlm.nih.gov/pubmed/28082459
http://doi.org/10.1126/science.278.5343.1623
http://www.ncbi.nlm.nih.gov/pubmed/9374462

Cancers 2021, 13, 3327 19 of 19

142. Smyth, M.].; Thia, K.Y,; Street, S.E.; Cretney, E.; Trapani, J.A.; Taniguchi, M.; Kawano, T.; Pelikan, S.B.; Crowe, N.Y.; Godfrey, D.I
Differential tumor surveillance by natural killer (NK) and NKT cells. J. Exp. Med. 2000, 191, 661-668. [CrossRef]

143. Terabe, M.; Matsui, S.; Noben-Trauth, N.; Chen, H.; Watson, C.; Donaldson, D.D.; Carbone, D.P,; Paul, W.E.; Berzofsky, ].A. NKT
cell-mediated repression of tumor immunosurveillance by IL-13 and the IL-4R-STAT6 pathway. Nat. Immunol. 2000, 1, 515-520.
[CrossRef] [PubMed]

144. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]


http://doi.org/10.1084/jem.191.4.661
http://doi.org/10.1038/82771
http://www.ncbi.nlm.nih.gov/pubmed/11101874
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230

	Introduction 
	Adipose Tissue in Cancer 
	Obesity and Cancer Risk 
	The Role of Visceral Adipose Tissue in Cancer 

	Adaptive Immune Cell Metabolism and Adipose Tissue 
	CD4 T Helper Cells 
	Regulatory T (Treg) Cells 
	CD8 T Cells 
	B Cells 

	Innate Immune Cell Metabolism and Adipose Tissue 
	Macrophages 
	Eosinophils 
	Neutrophils 
	Innate Lymphoid Cells (ILCs) 
	NK and iNKT Cells 

	Conclusions 
	References

